Genetic and phenotypic parameters for sow productivity traits were derived from analyses of records for 999 purebred Duroc and Yorkshire litters at the Beltsville Agricultural Research Center. Included were 682 springfarrowed litters and 317 fall-farrowed litters. Primary traits examined were number of pigs born alive in the litter (NA), litter size at 21 d of age (N21), litter weight at 21 d (W21) and an index (121) combining the three traits. Also analyzed were total number of pigs farrowed alive or stillborn, litter weight of pigs born alive and litter size and litter weight at 42 d of age (weaning). Selection was based mainly on the sow productivity index among litters in the spring season and mainly on performance traits among fall-farrowed pigs. Select and control lines were maintained in both breeds in both seasons. Yorkshires started at higher levels of productivity than Durocs in spring 1975, showed more fluctuation and ended in spring 1982 at about their starting levels. Durocs
breeds. Heritabilities, estimated from daughterbiparental (mid-dam, paternal granddam) regressions using records expressed as deviations from contemporary breed-line means, varied widely among the breed-line groups. Suggested composite heritability estimates were 5, 10 and 20% for NA, N21 and W21, respectively. Genetic correlations, computed from daughter-biparental covariances, were high and positive (.7 or above) among all traits. Based on estimated genetic gains, it was proposed that W21, alone or in combination with N21 and(or) N A in an index, be used as the primary selection criterion to bring about genetic improvement in sow productivity traits. (Key Words: Swine, Sow Productivity, Selection Indexes, Selection Differentials, Genetic Parameters, Genetic Gains.)
I ntroduction
Sow productivity is recognized as a key factor affecting the efficiency and economy of the swine enterprise for both the seed-stock and commercial producer. Productivity per farrowing is usually considered the basis for evaluating the genetic merit of animals in a herd and usually refers to such traits as number of live pigs farrowed and litter size and total litter weight at some standard age such as 21 d. These traits often are combined in the form of an index.
Since 1960, several studies have been published on the genetic analysis of sow productivity traits (Boylan et al., 1961; Urban et al., 1966; Strang and King, 1970; Edwards and Omtvedt, 1971; Revelle and Robison, 1973; Young et al., 1978; Strang and Smith, 1979) . Estimates of heritabilities for litter sizes and litter weights computed from daughter-dam regressions or half-sib correlations varied considerably, ranging from under 5 to 72%, but with most estimates under 20%. Revelle and Robison (1973) computed heritabitity of litter 1149 JOURNAL OF AN1MAL SCIENCE, Vol. 59, No. 5, 1984 size born alive to be 13% from daughter-dam regression, but 28% from daughter-granddam regressions. They suggested that negative maternal effects may have affected litter traits, lowering the heritability estimates and confounding responses to normal selection practice. Bereskin and Frobish (1981) reported a heritability estimate of 21 + 9% for a sow productivity index based on daughter-biparental (mid-dam, paternal granddam) regressions, with records expressed as deviations from contemporary breed-line averages. The main objective of this study was to conduct a more detailed genetic evaluation of sow productivity traits in a closed experimental herd.
Materials and Methods
Experimental animals were part of an ongoing selection study at the Beltsville Agricultural Research Center. Foundation animals, consisting of 32 nonpregnant gilts and 12 young boars with diverse pedigrees in each breed, were purchased from several nationally known Duroc and Yorkshire breeders in 1973. Initial litters were farrowed from February to April (spring) of 1974. Repeat matings produced second litters from August to October (fail) of that year.
Purebred litters were produced again in spring and fall of 1975 from 1-yr-old gilts. Boars and gilts from the 1975 litters were then allocated randomly from full-or half-sib groups to either the select or control lines in each breed so that a close genetic relationship existed between the two lines of each breed. Litters in separate select and control lines of each breed were farrowed initially in the spring and fall of 1976. Separate closed lines were then maintained within season and breed for the duration of the periods included in this study.
Management.
A new generation was produced each year in all lines of both seasons. Sows farrowed at an average age of 12 mo except in fall 1974, when the average age was 19 mo. Matings were planned to maintain a low, uniform rate of inbreeding in all lines. Litter inbreeding averaged about 14% within each of the four lines in spring 1982, the last season providing data for this study. After breeding, gilts were individually fed in feeding stalls in pasture lots. Diets supplied at least minimum recommended levels of protein, minerals and vitamins (NRC, 1979) . Amounts fed daily varied from 1.8 to 2.3 kg, depending on season.
On d 109 or 110 of gestation, gilts were brought to the farrowing barn and placed in individual pens measuring 5.95 m 2. Pens had concrete floors, guard rails and a protected corner with a lamp for pigs. Within 24 h of farrowing, all pigs were ear-notched, treated with 100 mg iron dextran and weighed. Each litter was kept alone with its dam in the barn. Generally, no transferring of pigs between litters was practiced except in extreme cases, such as death or incapacitation of the dam. Pigs received no creep feed while in the farrowing barn.
The sow and her litter were moved to a pasture lot when the pigs were about 14 d old. Usually, three sows and litters were put in each lot, with a 1696 protein diet provided in selffeeders for sows and a 18% protein diet available in a creep feeder for pigs. Pigs were individually weighed at 21 d of age and at weaning at 42 d of age. Pig weights not recorded at specified ages were adjusted by using appropriate factors (Bereskin and Norton, 1982) .
Selection Practices. Selection was based
primarily on an index of sow productivity traits among spring-farrowing sows and on an index of pig performance traits among fall-farrowed pigs. Soundness of feet and legs, underlines and reproductive anatomy were given secondary consideration in the selection process for both sexes within all select and control lines in both seasons.
A sow productivity index was computed for each sow included in the study. The index included three traits, number of pigs born alive in the litter (NA), litter size at 21 d of age (N21) and total litter weight (kg) at 21 d (W21). The index (121) was as follows: 121 = 2.67 N A + 1.87 N21 + .97 W21-The index coefficients were computed from the reciprocals of standard deviations of N A, N21 and W21 derived from 1,830 first parity litters previously farrowed at Beltsville. These standard deviations were 2.43, 2.31 and 11.22 kg for the three traits, respectively. The reciprocals were multiplied by 3, 2 and 5, respectively, the assumed relative economic values of the traits, and then adjusted to provide an expected standard deviation of 20 units for the index.
Selection based on I21 was initiated in the select and control lines in spring 1976 and continued in spring 1977. In the select line of both breeds, young boars and gilts retained for the breeding herd were selected where possible from litters whose dams had the highest indexes, within each of six or seven sires of the litters represented. However, this distribution was not always achieved, so that some sires were not represented among progeny selected. Also, boars were usually selected from among the first two-thirds to three-fourths of the litters farrowed in a season, in order to assure adequate maturity at time of breeding. All litters were considered in selecting replacement gilts. In the spring control lines, the young boars and gilts retained for the breeding herd were selected from litters whose dams averaged close to the mean index in that line and season.
Starting with litters farrowed in the spring of 1978, individual pig weights were routinely recorded at 14 d of age in addition to 21 d, with an index computed for both ages, using the index equation given previously for lal. Starting with litters farrowed in the spring of 1978, selections were based on 14-d indexes. Another change initiated in the spring of 1978 was that selection of replacement boars and gilts was based on a combination of the dam's and paternal granddam's indexes. Each index was expressed as a deviation from its contemporary breed-line average. The two deviations were then combined as the average of the dam's deviation and one-half the deviation of the paternal granddam. The four original spring lines were maintained as closed lines through the spring of the 1982 season 9
In the fall litters, pigs were selected within the select and control line of each breed mainly on the basis of a performance index that included average daily weight gain during the test period from 8 wk of age to 90.7 kg and ultrasonic estimates of backfat thickness and loin eye area at 90.7 kg. While sow productiviy indexes were computed for each sow farrowing a litter in the fall season, this index was not directly considered in selecting fall replacement breeding animals. The four original fall lines were maintained as closed lines through the fall of 1978. The breeds were reciprocally crossed to produce the fall 1979 litters. This and later fall generations were not included in the present study.
Basic Statistics 9 The primary traits examined included the 21-d sow productivity index (Iat) and its three component traits, N A, N2~ and W~i. Also included in the study were total number o~ pigs farrowed in the litter, alive and stillborn, but not mummified fetuses (NT), Data from a total of 999 litters were included in various facets of this study. Distribution of data according to breed, line, season and year is presented in table 1. Sporadic incidence of reproductive problems, diagnosed as caused by a viral infection (Dunne, 1972) , reduced the number of usable records available, mainly in 1976 and 1977.
Means were computed for each breed-lineyear-season subclass included in the study. The deviation of each individual record from this mean for each litter trait constituted the basic datum used in most statistical analyses described here.
Selection Differentials. Although the selection differentials computed from the experiment are really "secondary" selection differentials (Mcgee, 1965) , because each trait was not the sole trait directly selected for, the computed values constitute valid measures of the effective selection pressure applied to the respective traits in the course of the experiment. See, for example, Dickerson et al. (1954) and Brinks et al. (1965) . The selection differentials were computed separately for sires and dams and for each separately through their sons and daughters. Actual selection differentials were computed first, each weighted by the number of litters sired by sons or farrowed from daughters. Standardized differentials were computed by dividing the weighted actual differentials by the standard deviation of the deviation records for the trait in the subclass of the dam or the site's dam, as appropriate. 1976, 1978, 1979, 1980 and 1981 were computed similarly and averaged for an overall standardized selection differential of. 52 + a standard deviation of .28 index units for sires of the Duroc select line through their sons, shown in the top line under I2x in table 3. Differentials for sires through their daughters were computed similarly, with number of litters farrowed in the spring of 1978 from daughters substituted for numbers sired by sons.
Selection differentials for spring 1977 dams were computed similarly to those for sires, except that actual differentials were computed from deviation records in the spring 1977 line of the dam instead of from 1976 deviations, as for the sires. Selection differentials were computed as above for all breedqine-yearseason subclasses where records were available.
Genetic Effects. Heritabilities (h 2) and genetic correlations (rG) were computed from daughter-biparental variances and covariances. The biparental value was computed as 1/2 (dam + 1/2 paternal granddam), with each record expressed as a deviation from its contemporary breed-line mean. The regression of daughter on biparental values can be used to estimate h 2 directly, with the standard error of the regression also the standard error of the h 2 estimate. Proof that this regression provides a direct estimate of h 2 was presented by Bereskin and Frobish (1981) . This estimate includes an unknown bias due to possible epistatic effects and any residual environmental effects not removed by the deviations. Also, it is assumed that no assortative mating was practiced, a valid assumption in this experiment. The validity of the rG estimates computed from the daughterbiparental variances and covariances also is based on these same assumptions.
Initially, arrays of phenotypic and genetic corrected sums of squares and cross products were computed for each of the four breed-line groups in each season over alI years with records. This allowed easy pooling of arrays in any desired combination, such as select + control lines of one breed, select lines across breeds, all groups in the spring or fall season or all groups in both seasons. The various phenotypic and genetic statistics and parameters could then be computed as desired.
Phenotypic correlations presented are those computed from daughter deviations. Genetic 1975 1976 1977 1978 1979 1980 1981 1982 1975 1976 1977 1978 1979 I980 1981 1982 YEAR YEAR correlations were estimated from daughterbiparental covariances using both the additive and geometric methods (Hazel, 1943; Becker, 1975) : Hammond and Nicholas (1972) . The sow productivity index in retrospect (Dickerson et al., 1954) was computed according to Harvey and Bearden (1962) . Finally, estimated genetic gains were computed according to Nordskog and Hill (1958) .
Results and Discussion
Yearly Trends. Selection Differentials. Shown in table 3 are so-called secondary standardized selection differentials for the four breedqine groups produced in the spring season for the period 1976 through 1981. Shown are the differentials for sires through their sons and through their daughters, averages for sires, the same for dams, and averages for sires and dams in each breedline group. Differentials were substantially larger in the two spring select lines than in the respective spring control lines, and differentials were larger for traits at 21 and 42 d of age than at birth. Differentials for two generations of the fall breed-line groups also are presented in table 3. As noted, selection in the fall season was based primarily on pig performance and not directly on sow productivity traits. The higher differentials for the Yorkshire select line were due mainly to high differentials for sires.
The average percentages of animals selected from those available in the different categories are presented in table 4, along with the standard deviation of each percentage among the years. Also shown are theoretical maximum standardized selection differentials, based on single trait truncation selection and percentage selected of those available (Pearson, 1931 Estimates of h 2 were computed from various groupings of records. Shown in table 5 are h 2 estimates from eight different groupings. Regressions in each case were computed on a pooled within primary breed-line subgroup basis. For example, for the grouping "all spring Durocs" regressions were computed from a corrected cross products array pooled within the spring Duroc select and Duroc control line subgroups. The grouping "all spring Durocs and Yorkshires" included four subgroups, while "all spring and fall Durocs and Yorkshires" included all eight subgroups.
The h 2 estimates varied widely among groupings and among traits. The main variance between groups was between Durocs and Yorkshires. Also, heritabilities were generally considerably larger for N T than for N A and were generally larger for weight traits than for corresponding number traits.
Correlations. Presented in table 6 are phenotypic and genetic correlations computed from the grouping "all spring and fall Durocs and Yorkshires", consisting of the pooled arrays from all eight breed-line subgroups included in the experiment. The phenotypic correlations shown were computed as product-moment correlations from the pooled array of daughter corrected sums of squares and cross products. The genetic correlations and their standard errors were computed as described under Materials and Methods, based on daughterbiparental deviation covariances. Both the additive and geometric methods were used. However, as several indeterminate values resulted from the geometric method, the genetic correlations in table 6 are from the additive method, which produced no indetermi- Indexes in Retrospect. Dickerson et aL (1954) and Harvey and Bearden (1962) have shown that if selection differentials and phenotypic correlations are known for all traits considered in selection, the index effectively used on the average can be calculated in retrospect. Although all traits that actually received some emphasis in the selection process, such as feet and leg soundness and underlines, were not included in the selection index, the traits actually included in the index are considered here. The index actually used was I21 = 2.67 N A + 1.87 N21 + .97 W21.
Reasons for the discrepancies are uncertain. One possibility is that the applicable phenotypic and genetic correlations were not available and therefore were not considered in deriving the index actually applied in the experiment.
Proposed Selection Criteria. Shown in table 7 are suggested composite parameter values based mostly on the above analyses for the three traits that might be included in an index, NA, N21 and W21. The phenotypic variances are from the summary of all 999 actual records available, pooled within breed-line-year-season subclasses. The economic values (e) were based largely on industry economic statistics for pork production systems producing feeder pigs (Bache and Foster, 1975) . A value of $15 was assigned per pig born alive in a litter of 10, $22/pig in a litter of eight at 21 d, with an average weight/pig of 4.54 kg, for a litter weight of 36.32 kg at a value of $176.00, or $4.85/kg of litter weight at 21 d.
Two selection indexes were then computed by conventional methods (Nordskog and Hill, 1958) , one including all three traits, NA, N21 and W21 and a second index including only N A and W21, in each case with appropriate parameter values from table 7. The resultant threetrait index, I3 = -1.250 N A + .142 N21 + 1.914 W21, with W21 expressed in kilograms, has an expected standard deviation of 19.663 units. The resultant two-trait index, I2 = -.951 N A + 1.334 W21, with W:I in kilograms, has an expected standard deviation of 13.454 units.
The expected genetic gains resulting from one standard deviation of selection pressure directed at different criteria of selection, including the above two selection indexes, are contained in table 8 (Nordskog and Hill, 1958) . On the other hand, with one standard deviation of selection pressure applied directly to W21, one can expect a correlated genetic gain of .174 pigs/litter in NA, a 28% increase over selecting directly on N A. The difference is due mainly to the high positive genetic correlation (.75) between N A and W21, the higher h 2 for W21 than for N A and to the very low suggested composite heritability for N A (.05, 
General Discussion
Despite comparable overall selection differentials in the two breeds (table 3) , responses differed markedly in the Duroc and Yorkshire spring select lines. One likely contributing factor to this result was the difference in actual selection pressure exerted on the separate traits in the two breeds, as indicated by the indexes in retrospect, noted previously. Thus, in the Durocs the primary selection pressure was on N21 and W21 while in the Yorkshires, most emphasis was on NA and W21. Due to its very low heritability, emphasis on N A was largely ineffective in producing a positive response in Yorkshires. At the same time, the selection pressure on the more heritable 21-d traits in Durocs apparently contributed to the larger positive response in that breed. Other factors possibly affecting the diverse responses include differences in previous history of selection emphasis in the two breeds, productivity levels in the base generation of this experiment and sampling variation due to small sample sizes. As expected, heritabilities as estimated from daughter-biparental regressions (table 5) directly reflected the diverse responses in the two breeds. As noted by Lush (1949) , heritability estimates apply to a particular character in a particular population. Thus, the specific estimates for the Duroc and Yorkshire populations analyzed here may not apply to other samples of swine populations. Instead, the logical procedure probably would be to use realistic composite estimates of hcritability in defining selection criteria and devising breeding plans to improve sow productivity in the general population.
Suggested composite estimates based largely on this study were presented in table 7. Expected genetic gains (table 8) , based on the composite parameter estimates, indicate that prospects are minimal for substantial positive responses to direct selection for litter size alone, NA, N21 or N14. Instead, using total litter weight at 21 or 14 d of age (W21 orWl4) alone or in combination with N A and N21 or N~4 in an index, appears to be the most effective way to increase the genetic potential for litter size and weight by mass selection.
Other key factors contributing to the success of a mass selection program include intensified selection pressures and more accurate evaluation of the expected breeding value of young boars and gilt breeding herd candidates. Most of the increased selection pressure would need to be directed at the sires. In the present study, about 30% of the boar pigs saved at weaning in the two spring select lines eventually sired litters in the next generation. The potential maximum selection differential from this percentage is about 1.15 SD, but the realized values were only about .5 to .6 SD (tables 3, 4), due partly to efforts to reduce inbreeding by maintaining a relatively broad base for selection. Using only 10% of available young boar candidates for breeding would provide a potential selection differential of 1.75 SD with a realized value on the order of 1.0 to 1.2 SD. With an achieved average selection differential for sires and dams of 1 SD per generation for W21, W14 or an appropriate index, expectations are that at least six generations would be needed to increase N A by one pig/litter. This result assumes neutral effects of genetic drift and physiological and anatomical influences associated with natural selection.
Accurate evaluation of young breeding herd candidates is necessary if the superiority of selected breeding animals is to be realized in their offspring. Research has shown (Revelle and Robison, 1973 ) that direct maternal effects of the dam severely bias estimates of genetic parameters based on daughter-dam regressions, thereby confounding responses to normal selection practices. This fact was the main reason that parameter estimates in this study were based instead on regressions of daughters on biparental values, which consisted of the mean of records by the dam and parental granddam, all expressed as deviations from contemporary group averages. This method would significantly reduce the bias from direct maternal effects, as none are transmitted through the sire. Similar biases in estimates of breeding values of young breeding herd candidates can be reduced by considering records from both the dams' and sire's side of the pedigree, resulting in up to 62% more accurate estimates (Bereskin, 1982) .
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